European mistletoe (Viscum album L.) has largely infested Central European forests and causes high mortality probability particularly in dry years. However, little information is available about the consequences of mistletoe infestation for metabolic processes in bark and wood of its host, despite their important roles in infestation defense. We analyzed the tissue hydration, carbohydrate composition, phytohormone profile, reactive oxygen species and anti-oxidant levels in bark and wood of Scots pines (Pinus sylvestris L.), as dependent on mistletoe infestation. As a consequence of mistletoe infestation, host bark and wood showed impaired hydration and reduced total carbon content. In the bark, soluble sugar and lignin contents increased, apparently at the expense of holo-cellulose. Hydrogen peroxide accumulation was accompanied by increased glutathione and decreased reduced ascorbic acid levels. Mistletoe infestation mediated alteration of the phytohormone profile in bark and wood of its host. Cytokinins, jasmonic acid and abscisic acid levels increased in both tissues, whereas salicylic acid and indole-3-acetic acid, which were only detected in the bark, declined. The present results show that mistletoe infestation affects both the host's anti-oxidative defense system and the phytohormone profile after establishment of the xylem tapping haustorium. The significance of these processes for the development of the woody mistletoe stem and the haustorium is discussed.
Introduction
Scots pine (Pinus sylvestris L.) is the main host tree of pine mistletoe (Viscum album L. ssp. austriacum (Wiesb.) Vollm.) in Central Europe. In south-west Germany, the total area infested by the pine mistletoe is currently~6500 ha (as estimated by the forest administration) and has increased in recent years (Delb et al. , 2016 . Infested trees exhibit an approximately twofold to fourfold higher mortality probability, particularly in dry years, than non-infested trees (Dobbertin and Rigling 2006) . In light of the prospective climate changes, i.e., dryer summers and warmer temperatures (IPCC 2014) , the impact of this parasite on pine stands may further increase. Like all subspecies of the European mistletoe (V. album), the pine mistletoe is a parasitic angiosperm that completely relies on water and nutrient resources of its host by tapping its xylem sap with a modified root system called haustorium (Schulze et al. 1984) . Mistletoes partially assimilate their own carbohydrates by photosynthesis (Schulze et al. 1984, Glatzel and Geils 2009 ), but still rely on organic carbon (C) provided by the host. In order to liberate carbohydrate, nitrogen (N)-poor amino compounds retrieved from the xylem sap of the host are transformed by the mistletoe into N-rich amino compounds such as arginine (Arg), which accumulate inside the mistletoe (Escher et al. 2004a ). In addition, sugars (i.e., glucose, fructose and sucrose) present in the xylem sap of the host are retrieved by the mistletoes (Escher et al. 2004b) . Apparently, the seasonal requirement for carbohydrate in growth and development of mistletoes can only be met by the combined activities of its own photosynthesis and the acquisition of organic C from the xylem sap of the host.
Host trees respond to mistletoe infestation with reduced rates of growth (Meinzer et al. 2004 ) that can be partially attributed to a drain of carbohydrate (see above), nutrients such as N and sulfur (S), and water from the host xylem into the mistletoe mediated by the haustorium (Escher et al. 2003 (Escher et al. , 2004a (Escher et al. , 2004b (Escher et al. , 2004c . The loss of water, particularly in branches located apical to a mistletoe infestation, will result not only in stomatal closure (Glatzel and Geils 2009 ), but also in a reduction of photosynthetic tissue of the host tree (Rigling et al. 2010) . This is often achieved by defoliation (Meinzer et al. 2004) , thereby leading to a general decline in the capacity to assimilate C (Meinzer et al. 2004) . As a consequence, wood structure and even the entire hydraulic system of the host can be modified (Meinzer et al. 2004) , further contributing to an impaired water and C balance of the infested trees. Thus, host trees experience mistletoe infestation in a similar way as drought, which also results in an impaired water and C balance (Rennenberg et al. 2006) .
In this context, mechanisms controlling the level of reactive oxygen species (ROS) are of particular significance (Rennenberg et al. 2006) . For compatible and incompatible plant-pathogen interactions, production of ROS is commonly considered as hallmark of successful recognition of infection and activation of the plant defense system. Infection by pathogenic microbes could result in oxidative stress to plants (also often called oxidative burst), which will rapidly accumulate massive amounts of ROS in the infected tissues (Torres et al. 2006 , Torres 2010 . During plant-pathogen interactions, the defense responses of host plants (e.g., production of antimicrobial compounds, cell wall reinforcement, hypersensitive reactions) are controlled completely or partially by ROS accumulation (Hernández et al. 2016) . In this context, ROS, esp. hydrogen peroxide (H 2 O 2 ), play a dual role by mediating (i) defense signaling including the induction of antioxidants and (ii) oxidative stress to achieve localized pathogen inhibition, e.g., by promoting programming cell death in tissues of infected plants (Hernández et al. 2016) . Thus, the up-regulation of anti-oxidants is considered as the most obvious marker of oxidative stress in plant-pathogen interactions. Among the antioxidative defense processes of infected plants, low molecular weight non-enzymatic scavengers such as ascorbate (Asc) and glutathione (GSH) play a central role in chemical and metabolic destruction of ROS (Rennenberg et al. 2006 , Hernández et al. 2016 . Additionally, anti-oxidant enzymes such as glutathione reductase (GR) and dehydroascorbate reductase (DHAR) determine ROS scavenging by the Asc-GSH cycle (Zechmann 2014) .
Removal of water, C, N and S by the mistletoe haustorium from the xylem sap of its host (Escher et al. 2003 (Escher et al. , 2004a (Escher et al. , 2004b (Escher et al. , 2004c implies that also the allocation of xylem mobile plant hormones, such as cytokinins (CKs), salicylic acid (SA), jasmonic acid (JA) and abscisic acid (ABA), in the host may be affected by mistletoe infestation. This will be of high significance not only for phytohormones involved in the regulation of nutrient (e.g., N and S) metabolism (Kopriva and Rennenberg 2004) , but also for the phytohormones required for establishment and growth of mistletoes within the stem of the host. These phytohormones may constitute important signals for the biotic stress mediated by mistletoe infestation (Livingston et al. 1984 , Escher et al. 2008 , Reblin and Logan 2015 . For instance, Livingston et al. (1984) reported a significant alteration of black spruce phytohormone metabolism after infestation by the phloem-and xylem-tapping dwarf mistletoe (Arceuthobium pusillum), thereby influencing growth patterns and water use of the host. Increased total CK levels were observed in infested branches (Schaffer et al. 1983 , Logan et al. 2013 ), but information on the consequences of mistletoe infestation for full phytohormone profiles (e.g., the active and inactive forms of CKs, ABA, JA, SA and indole-3-acetic acid (IAA)) in bark and wood of conifer trees infested by the xylemtapping European mistletoe (V. album) has not been reported. Such information is important for understanding the metabolic changes in the host trees mediated by mistletoe infestation.
The present study was aimed at elucidating the consequences of mistletoe infestation on carbohydrate composition, phytohormone profile, ROS content and anti-oxidative metabolism-in bark and wood of a conifer host. For this purpose, we compared these parameters between branches of mistletoe-infested trees in stem sections basipetal and acropetal to the mistletoe insertion and stem sections of un-infested control trees. The study was conducted with Scots pine (P. sylvestris)-the most important conifer tree species infested by the European mistletoe in Central Europe. We hypothesize that infested branches (i) suffer from water stress and nutrient loss, (ii) experience changes in carbohydrate metabolism, (iii) show ROS accumulation and changes in anti-oxidative metabolism and (iv) establish associated alterations of the phytohormone profile.
Materials and methods

Plant material
Sampling of plant material was carried out in June 2014 in two adjacent 50-to 60-year-old Scots pine (P. sylvestris) stands. In one stand, pine trees were infested by European mistletoe (V. album ssp. austriacum), while in the other stand, pine trees were not infested by this parasite. Both stands are located in a lowland forest in close proximity to the city of Karlsruhe (<5 km north-east of downtown Karlsruhe, Germany, 150 m above sea level, 49°03′19″N, 08°24′38″E). Long-term mean (±SD) annual air temperature in this area is 10.30 ± 0.3°C
Tree Physiology Online at http://www.treephys.oxfordjournals.org and annual precipitation accounts to 770 ± 22 mm (Muehr 2014) . The mean (±SD) tree height of P. sylvestris in these forest stands is 22.82 ± 2.5 m. For estimating the degree of mistletoe infestation (ID), a three-class rating system was applied, i.e., trees without mistletoe infestation (class ID1), moderately infested trees (class ID2) and severely infested trees (class ID3) (for details, see Sangüesa-Barreda et al. 2012) . Infested trees used in the present study belonged to class ID2 and control trees to class ID1.
A total of six trees were selected each, from the infested pine stand and the non-infested control stand. From each tree, three ∼6-year-old branches with diameter ∼2-3 cm were collected from the middle or lower sun-exposed crown directly after felling. From the sampled branches with attached ∼4-year-old mistletoes, stem segments of ∼5-7 cm basipetal (downstream direction to the root) and acropetal (upstream direction to the apex) to the mistletoe insertion were sampled separately (Figure 1) . From branches of non-infested trees, stem segments of similar size were collected. Thereafter, the bark of each stem segment was gently removed with a razor blade. The remaining wood was carefully scraped with a garden shear to remove remains of adhering cambium. The fresh dissected bark and wood samples were placed separately in 7 ml tubes (Sarstedt AG & Co., Nürnbrecht, Germany), immediately shock-frozen in liquid N 2 and stored at -80°C until further analyses. Before analyses, both bark and wood samples were ground to a homogenous powder under liquid N 2 by a freezer mill (Retsch CryoMill, Retsch GmbH, Haan, Germany).
Dry mass and water content determination
Aliquots (~100 mg) of finely homogenized bark and wood materials were dried at 60°C for 48 h to weight constancy for dry mass (DM) determination. Bark and wood water contents were calculated as the difference between fresh and dry weights (dw).
Biochemical analyses
Determination of δ 13 C natural abundance and total C in bark and wood δ 13 C natural abundance and total C content in bark and wood were determined in aliquots (2.0-2.5 mg) of bark and wood material dried at 60°C for 48 h. Samples were weighed into tin capsules (IVA Analysentechnik, Meerbusch, Germany) and analyzed using a C/N elemental analyzer (NA 2500; CE Instruments, Milan, Italy) coupled via a Conflo II interface (Finnigan MAT GmbH, Bremen, Germany) to an isotope ratio mass spectrometer (Delta plus; Thermo Finnigan MAT GmbH, Bremen, Germany) as previously described in Geßler et al. (2005) . Glutamic acid was used as the working standard and calibrated against the primary standard USGS 40 (glutamic acid, δ 13 C PDB = −26.389). For δ 13 C determination, working standards were analyzed after every 10th sample to detect any potential instrument drift over time.
Carbohydrate analysis Carbohydrates were extracted from homogenized bark and wood samples and derivatized as reported by Kreuzwieser et al. (2009 ; GC-MS run conditions were set according to Kreuzwieser et al. (2009) . The raw data files were processed with the Mass Hunter (version B.07.00/Build 7.0.457.0) workstation software for GC-MS (Agilent Technologies). Mass spectra were searched against the Golm Metabolome Database (Kopka et al. 2005) and carbohydrates were identified based on internal standards, spectrum similarity match and retention time.
Extraction of structural biomass for lignin analysis Structural biomass (SBM) of bark and wood samples was extracted and quantified according to Blaschke et al. (2002) . For this purpose, dry-milled bark or wood material (500 mg) was suspended in 50 ml of washing buffer (100 mM K 2 HPO 4 /KH 2 PO 4 , pH 7.8, 0.5% Triton X-100), slowly stirred for 30 min at room temperature and centrifuged (5500g for 20 min). The pellet was resuspended in washing buffer and washed again as above. Subsequently, the pellet was washed four times (30 min for each time) in 100% MeOH. The resulting pellet consisted mainly of cell walls and was defined as SBM. The SBM pellet was dried at 80°C for 12 h, weighed and used for lignin and holo-cellulose (cellulose and hemicellulose) determination by a modified gravimetric method (Brinkmann et al. 2002) .
Lignin and cellulose analyses For the determination of lignin in bark and wood samples (modified after Van Soest 1963, Rowland and Roberts 1994) , dried SBM pellets were weighed (W1) into a 250-ml Erlenmeyer flask with 30 ml 37% hydrochloric acid and 3 ml 97% sulfuric acid. The solution was kept under the fume hood overnight. Subsequently, the mixture was transferred into a 1000-ml glass beaker, 500 ml distilled water was added and the mixture was boiled for 10 min under continuous stirring. The boiled solution was filtered over an oven-dried (105°C for 24 h) and pre-weighed sinter (W2) (Robu-Glas, No. 2, 16-40 µm; ROBU GmbH, Jena, Germany) and washed with 500 ml of hot distilled water under vacuum until the residue was acid-free (pH 7.0). The filtrate was dried on the sinter at 105°C for 24 h, cooled and weighed (W3) to determine the dry weight of the residue. Lignin contents (% of SBM) were calculated as:
The holo-cellulose (cellulose and hemicellulose) content of SBM (%) was calculated by subtracting the lignin content (%) from total SBM.
Determination of H 2 O 2 contents Hydrogen peroxide levels were determined according to Velikova et al. (2000) . Homogenized bark (50 mg) or wood (100 mg) samples were mixed with 1 ml of 1% (w v −1 ) trichloroacetic acid (TCA) on ice. The homogenate was centrifuged at 15,000g for 15 min at 4°C. Subsequently, 250 µl of supernatant was added to 250 µl of 100 mM phosphate buffer (pH 7.0) and 500 µl of 1 M KI. The H 2 O 2 content of the supernatant was determined by comparing its absorbance at 390 nm to a standard calibration curve and was expressed as µmol g −1 dw.
Phytohormone determination For phytohormone determinations, homogenized bark and wood samples were lyophilized for 6 days (Freeze dryer: Alpha 2-4 with an LDC-1M module for system control; Martin Christ, Osterode am Harz, Germany). Freezedried bark and wood samples (100 mg each) were extracted and analyzed using an UPLC-ESI-qMS/MS system (AQUITY UPLC System/Quattro Ultima Pt; Waters Corp., Milford, MA, USA) with an ODS column (UPLC HSS T3 1.8 μm, 2.1 × 100 mm; Waters Corp.) for CKs and UHPLC-Q-Exactive™ (Thermo Fisher Scientific, Bremen, Germany) with an ODS column (Acquity UPLC BEH C 18 1.7 μm, 2.1 × 100 mm; Waters Corp.) for others as described by Kojima et al. (2009) and Kojima and Sakakibara (2012) . The phytohormone profile data were further analyzed using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca) (Xia et al. 2015) .
Analysis of GR and DHAR activity Homogenized frozen bark (50 mg) or wood (100 mg) powder was extracted for 10 min on ice in pre-cold KPP extraction buffer (100 mM K 2 HPO 4 / KH 2 PO 4 , pH 7.8, 1% Triton X-100) containing 80 mg of prewashed polyvinylpolypyrrolidone (PVPP 6755; Sigma-Aldrich Inc., Steinheim, Germany). After centrifugation (15 min, 15,000g at 4°C), the supernatant was passed through a small Sephadex column (NAP 5; GE Healthcare, Chalfont St Giles, UK). The fresh extracts were immediately used for measuring the absorption with a UV-DU650 spectrophotometer (Beckman Coulter Inc., Fullerton, CA, USA) at 340 and 265 nm for GR and DHAR enzyme activity separately, as described by Foyer and Halliwell (1976) and Dalton et al. (1986) , respectively.
Extraction and quantification of water soluble thiol levels Thiols were extracted and quantified from bark and wood material by the modification of the method of Schupp and Rennenberg (1988) previously described by Strohm et al. (1995) . Thiols in bark and wood extracts were quantified as monobromobimane derivatives with an ACQUITY UPLC system by fluorescence detection (Waters Corp.). Approximately 50 mg of frozen homogenized bark or wood material was transferred to 2 ml pre-cooled (4°C) micro-tubes (Sarstedt AG & Co.) containing 1 ml 0.1 N HCl and 80 mg of pre-washed polyvinylpolypyrrolidone (PVPP 6755; Sigma-Aldrich Inc.) and vortexed. Samples were centrifuged for 20 min at 4°C and 14,000g. For analyses of reduced plus oxidized (total) thiols, aliquots of 50 µl of the supernatant were transferred to new tubes containing 25 µl of 500 mM 2-(N-cyclohexylamino) ethanesulphonic acid (CHES) buffer (pH 9.3) and 10 µl of 20 mM dithiothreitol (DTT) for the reduction of oxidized thiols. Oxidized thiols were determined in 50 µl aliquots treated with 25 µl of 500 mM CHES buffer and 10 µl of 5 mM N-ethylmaleimide (NEM) for 10 min prior to reduction with 10 µl of 20 mM DTT in order to block reduced thiols (Strohm et al. 1995) . After incubation at room temperature for 60 min, the samples were derivatized in the dark for 15 min by adding 10 µl of 30 mM monobromobimane (Thiolyte; Calbiochem, Bad Soden, Germany). Subsequently, the monobromobimane derivatives were stabilized by adding 55 µl 10% (v v −1 ) acetic acid. After centrifugation for 5 min at 15,000g at 4°C, 120 µl of the samples was transferred into glass vials for UPLC analysis. Thiol derivatives were separated on an ACQUITY UPLC HSS C18-column (2.1 × 50 mm; 1.18 µm; Waters Corp.) applying a solution of potassium acetate (100 mM, pH 5.4) in methanol (100%) as eluent. As external standard, six different concentrations of a standard solution consisting of 1 mM cysteine, 1 mM γ-EC and 1 mM GSH were used. Standards were subjected to the same reduction and derivatization procedure. Measurements were performed in triplicate.
Extraction and quantification of water soluble Asc levels Ascorbate contents were determined according to Haberer et al. (2007) . Aliquots of frozen and homogenized bark (50 mg) or wood (100 mg) material were extracted in 500 µl 5% meta-H 3 PO 4 solution, vortexed and centrifuged for 30 min at 4°C and 14,000g. Aliquots (100 µl) of the supernatant were mixed with 20 µl 1.5 M triethanolamine and 100 µl of sodium phosphate buffer (150 mM, pH 7.4) in two separate safe seal micro-tubes (2 ml; Sarstedt AG & Co.) for each sample, one to determine the amounts of reduced Asc, the other to determine the total Asc
Tree Physiology Online at http://www.treephys.oxfordjournals.org content. Total Asc contents were determined after reduction by 50 µl of DTT (10 mM) and incubation at room temperature for 15 min. The excess DTT was removed by adding 50 µl of NEM (0.5%). Samples for the determination of both, reduced and total Asc contents were further prepared by adding 200 µl of TCA (10%), 200 µl of orthophosphoric acid (44%), 200 µl of 2.2′-dipyridil (4% in ethanol) and 100 µl of FeCl 3 (3%). Samples were mixed and incubated at 37°C for 60 min. The absorption was determined with a UV-DU650 spectrophotometer (Beckman Coulter Inc.) at 525 nm. L-ascorbic acid (Sigma-Aldrich Inc., Steinheim, Germany; 1.5 mg ml −1 ) was used as a standard.
Statistical analyses
All statistical analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA) and Sigmaplot 12.5 (Systat Software GmbH, Erkrath, Germany). Results of biochemical analyses of individual branches from the same tree were pooled and the statistical tests were based on six independently replicated pine trees (n = 6) either infested or non-infested by mistletoes. Data were first tested by either Kolmogorov-Smirnov or Shapiro-Wilk tests for normal distribution. Non-normally distributed data were transformed using either log-or square-root transformation. Significant differences between stem segments from basipetal or acropetal to the mistletoe insertion were compared separately with samples from non-infested (control) trees and with each other using paired t-tests. Differences were considered significant at P ≤ 0.05. Non-targeted phytohormone profile data were subjected to partial least squares discriminant analysis (PLS-DA) using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca) (Xia et al. 2015) . acropetal to the site of mistletoe insertion (Figure 2) . However, tissue hydration at the time of harvest was reduced in stem sections acropetal to the mistletoe insertion. This was most pronounced in the bark compared with non-infested controls (P ≤ 0.029, Figure 2 ) and was also observed in bark and wood when comparing the stem sections basipetal and acropetal to the mistletoe insertion (P ≤ 0.029 for bark and P = 0.017 wood, Figure 2) .
Results
The total C content in bark and wood samples decreased in response to mistletoe infestation with stem sections basipetal to the mistletoe insertion being particularly affected (P = 0.029 for bark and P ≤ 0.001 for wood, Figure 3 ). Since N contents of the bark were not affected by mistletoe infestation, a similar decrease was observed for the C:N ratio (P = 0.011, Figure 3) . In wood samples, such a decline in the C:N ratio (P ≤ 0.021, Figure 3 ) was also observed in stem sections acropetal to the mistletoe insertion due to an increase in total N content (P = 0.039, Figure 3 ). It cannot be excluded that this increase is mediated by a contribution of the haustorium to the N content of the stem wood section.
Carbon partitioning and H 2 O 2 responses in bark and wood of the host
In the bark, the decline in total C content of mistletoe-infested stem sections was accompanied by an increase in soluble carbohydrate contents. Sucrose, glucose and fructose contents increased in the bark of stem sections acropetal and basipetal to the mistletoe insertion (P ≤ 0.001, Figure 4) . In the wood, mistletoe infestation caused a decline of glucose and fructose acropetal to the mistletoe insertion, and of fructose basipetal as well as acropetal to the mistletoe insertion compared with stems from non-infested control trees (P ≤ 0.050, Figure 4) . Sucrose contents in wood were not affected by mistletoe infestation (Figure 4) .
Structural biomass content of bark and wood was only slightly, but not significantly reduced by mistletoe infestation (Figure 5 ). However, in the bark, lignin contents increased at the expense of holo-cellulose contents in stem sections acropetal and basipetal to the mistletoe infestation (P ≤ 0.031, Figure 5 ). The increase in lignin content in the bark was accompanied by a slight increase in the H 2 O 2 content; however, a similar increase was observed in Figure 3 . Total C, N contents and C:N ratio in bark and wood of stem sections basipetal and acropetal to mistletoe infestation compared with stem sections of non-infested control trees. Columns show means (±SE). Different small letters indicate significant difference between basipetal and acropetal stem segment of mistletoe-infested trees and non-infested control trees (P ≤ 0.05).
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Response of the anti-oxidative system in host bark and wood to mistletoe infestation
In the bark of mistletoe-infested stems, cysteine, γ-glutamylcysteine (γ-EC) and GSH levels increased (P ≤ 0.017, Figure 7 , see Figure S1 available as Supplementary Data at Tree Physiology Online), and oxidized glutathione (GSSG) levels decreased (P ≤ 0.001, see Figure S1 available as Supplementary Data at Tree Physiology Online). The latter resulted in more reduced thiol redox state (P ≤ 0.001, see Figure S1 available as Supplementary Data at Tree Physiology Online) that seems to be associated with enhanced GR activity (P = 0.004, Figure 8 ). In contrast, reduced Asc contents declined (P ≤ 0.005, Figure 9 ) and contents of dehydroascorbate (DHA) increased (P ≤ 0.001, see Figure S2 available as Supplementary Data at Tree Physiology Online) in the bark of mistletoe-infested stem sections, associated with a more oxidized redox state of Asc (P ≤ 0.001, see Figure S2 available as Supplementary Data at Tree Physiology Online). This change in Asc redox state can be partially explained by decreased DHAR activity that was observed in the bark of stem sections acropetal to the mistletoe insertion (P ≤ 0.031, Figure 8 ).
In the wood of the mistletoe-infested stem sections, cysteine levels significantly increased (P ≤ 0.006, see Figure S1 available as Supplementary Data at Tree Physiology Online), reduced GSH levels slightly decreased (P ≤ 0.018, Figure 7) , whereas γ-glutamylcysteine, total GSH and GSSG levels were not affected. As a consequence, the thiol redox state in the wood decreased (P ≤ 0.034, see Figure S1 available as Supplementary Data at Tree Physiology Online) irrespective of unaffected GR activity (Figure 8 ). Reduced Asc contents slightly increased in mistletoeinfested stem sections acropetal to the mistletoe insertion (P ≤ 0.037, Figure 9 ), associated with a more reduced Asc redox state (P = 0.037, see Figure S2 available as Supplementary Data at Tree Physiology Online) despite reduced DHAR activity (P ≤ 0.007, Figure 8 ).
Phytohormone profile in bark and wood of the host
In order to elucidate whether host pine trees establish an altered phytohormone profile upon mistletoe infestation, we conducted non-targeted phytohormone profiling and used PLS-DA to identify significant host responses. Based on the variation in phytohormone profiles, PLS-DA scores plots revealed a separation of bark and wood samples into three clusters: control segments, segments basipetal and segments acropetal to the mistletoe insertion ( Figure 10 ). Apparently, mistletoe infestation causes severe alterations of the phytohormone profile of the host bark and wood both, acropetal and basipetal to the mistletoe insertion (Figure 10 , Tables 1 and 2; for more details see Tables S1  and S2 available as Supplementary Data at Tree Physiology Online). Within the CKs fraction of the bark, mistletoe infestation enhanced the contents of tZ riboside (tZR), cis-zeatin (cZ), cZ riboside (cZR), cZR 5′-phosphates (cZRPs), cZR-O-glucoside (cZROG), dihydrozeatin (DZ), DZ riboside (DZR), DZ 5′-phosphates (DZRPs) and DZ-9-N-glucoside (DZ9G) particularly basipetal to the mistletoe insertion (P ≤ 0.037, Table 1 ). In the wood, mistletoe infestation resulted in reduced contents of tZR, cZ-O-glucoside (cZOG), cZROG, iP riboside (iPR) and iPR 5′-phosphates (iPRPs) acropetal to the mistletoe insertion (P ≤ 0.038, Table 2 ) and enhanced contents of tZR, tZR-Oglucoside (tZROG), cZR, cZRPS, N6-(Δ2-isopentenyl)-adenine (iP), DZ, DZR and DZRPs basipetal to mistletoe insertion (P ≤ 0.028, Table 2 ). The contents of tZR 5′-phosphates (tZRPs) in wood were lowest in wood sections basipetal to the mistletoe insertion (P ≤ 0.034, Table 2 ).
In the bark, reduced SA and IAA levels were observed in mistletoe-infested branches-for SA, in segments both acropetal and basipetal to the mistletoe insertion, for IAA, in segments acropetal to the mistletoe insertion (P ≤ 0.002, Table 1 ). However, contents of ABA and JA were strongly enhanced, particularly in stem sections basipetal to the mistletoe insertion (P ≤ 0.003, Table 1 ). In wood, IAA levels were not affected by mistletoe infestation (see Table S2 available as Supplementary Data at Tree Physiology Online) and SA levels were generally below the limit of detection. By contrast, ABA and JA contents of the wood were strongly increased acropetal and basipetal to the mistletoe insertion (P ≤ 0.007 and P = 0.048, respectively, Table 2 ). GA1, GA4 and IAAsp were not detected in either bark or wood Tree Physiology Online at http://www.treephys.oxfordjournals.org samples of controls and samples of mistletoe-infested branches (see Tables S1 and S2 available 
Discussion
Mistletoe infestation mediates water stress in bark and wood of the pine host
The results of the present study show that the water relations of P. sylvestris stems infested by European mistletoe (V. album) are impaired as indicated by the hydration state, which confirms our hypothesis (i), i.e., that pine trees suffer from water stress upon mistletoe infestation. This result is not surprising since V. album has previously been reported to keep the stomata open in an almost unregulated way and to maintain high transpiration rates under various environmental conditions (Schulze et al. 1984 , Escher et al. 2008 . Consequently, reduced water potential will develop in hosts and was found to trigger stomatal closure of its leaves as a compensation mechanism for the additional water loss of branches with mistletoe infestation, as recently reported for P. sylvestris infested with V. album (Zweifel et al. 2012 ) and for Quercus robur infested with Loranthus europaeus (Glatzel 1983) . In the present study, stomatal closure of pine needles was not indicated by δ 13 C natural abundance of carbohydrate allocated to, and incorporated into, the biomass of bark and wood. However, ABA contents, the key signal of stress-induced stomatal closure (Munemasa et al. 2015) , increased in the wood in response to mistletoe infestation. The absence of changes in δ 13 C natural abundance of carbohydrate was probably a consequence of simultaneous changes in photosynthetic capacity. Similar unchanged leaf or wood δ 13 C values associated with changes in photosynthetic capacity were reported by Ehleringer et al. (1986) and Yan et al. (2016) in juniper and Scots pine hosts infested by the xylem-taping mistletoes Phoradendron juniperinum and V. album. Unchanged δ 13 C natural abundance may also be interpreted as dilution of wood carbohydrate from the mistletoe-infested stem by other carbohydrate sources and/or changes in δ 13 C natural abundance during carbohydrate transport (Kodama et al. 2008) .
As an alternative strategy to cope with reduced water availability upon mistletoe infestation, defoliation has been observed for other conifers in North American forest Hawksworth 2002, Meinzer et al. 2004 ) and also in P. sylvestris (Dobbertin and Rigling 2006) . In the present study, the total C content of bark and wood declined upon mistletoe infestation, indicating reduced carbohydrate assimilation in the host needles and a decline of its allocation to these organs, as is to be expected upon both stomatal closure and reduction of photosynthetic active organs (Rigling et al. 2010 , Zweifel et al. 2012 ).
Mistletoe infestation changes C partitioning and N content in the stem of the host Mistletoe infestation did not affect the share of SBM on dry weight in bark and wood, but enhanced the lignin content of SBM either at the expense of holo-cellulose (cellulose plus hemicellulose). This change in SBM composition could be a consequence of enhanced lignin or reduced cellulose synthesis as well as cellulolysis in the bark. However, the simultaneous increase in soluble carbohydrates suggests that these changes in C partitioning at least partially reflect the re-allocation of C in the bark upon mistletoe infestation with associated cellulolysis. This assumption is in accordance with changes in carbohydrate metabolism of host pine branches upon mistletoe infestation as suggested in hypothesis (ii). Endophytic fungi (e.g., Gliocladium) are known to mediate degradation of plant cellulose (Ahamed and Ahring 2011) . In this context, extracellular diffusion of cellulolytic enzymes associated with endophytic fungi have been reported to facilitate (i) first haustorium penetration through the host cortex into xylem and (ii) secondary growth of the mistletoe stem in the bark accompanied by cell wall lysis (Riopel et al. 1995) . Previous studies showed that lignin and cellulose deposition can be regulated in a compensatory manner in plantmicrobe interactions to increase the mechanical strength of the cell wall (Hu et al. 1999 , Moura et al. 2010 . Despite its high metabolic costs, promotion of lignification has been reported to mediate this effect in response to pathogen attack (Smith et al. 2007 , Zhang et al. 2007 ). Enhanced lignification may also be involved in the increased chair of lignin to SBM in response to mistletoe infestation observed in the present study. It may therefore be seen as a common mechanism of pathogen defense (Zhang et al. 2007) .
The significantly higher level of soluble carbohydrates in bark compared with the wood of the host is consistent with previous studies and reflects that the phloem constitutes the main path of photosynthate transport and distribution, whereas the xylem is used for re-allocation of soluble carbohydrate not consumed in the roots (Glad et al. 1992 , Schnitzler et al. 2004 . Moreover, the reduced levels of carbohydrate (i.e., glucose and fructose) in wood of mistletoe-infested stems were probably associated with carbohydrate flux from the xylem sap of the host into the mistletoe due to the limited capability of mistletoe leaves for CO 2 assimilation (Escher et al. 2004b) . Using the data reported by Escher et al. (2004b) for xylem sap extract of V. album and its conifer host Abies alba in the same geographic area and the same season, we estimated a possible reduction of ∼24% fructose and 62% glucose in the xylem due to retrieval by the mistletoe.
The N content of the wood was increased upon mistletoe infestation, particularly in stem sections acropetal to mistletoe insertion. This is surprising because previous studies showed that organic N is retrieved by the mistletoe from the host xylem and low N amino compounds are metabolized in the mistletoe to high N amino compounds in order to liberate carbohydrate for growth and development (Escher et al. 2004a (Escher et al. , 2004c . In this context, it cannot be excluded that enhanced N contents of the wood are due to small but undefined amounts of the mistletoe haustorium that may have stored amino N retrieved from the xylem of the host (Escher et al. 2004a (Escher et al. , 2004c . Tree Physiology Online at http://www.treephys.oxfordjournals.org
Mistletoe infestation causes oxidative stress and affects the anti-oxidative system in bark and wood
As indicated by increased levels of H 2 O 2 , mistletoe infestation caused oxidative stress in the bark and wood of adjacent stem sections of the pine host, in line with hypothesis (iii), suggesting an accumulation of ROS upon mistletoe infestation. Apparently, oxidative stress is not fully prevented by the changes observed in the anti-oxidative system. Particularly in the bark, the increased H 2 O 2 content cannot be explained by changes in thiol metabolism. These changes include elevated levels of GSH and its metabolic precursors as well as enhanced GR activity, resulting in an increase in the GSH redox state (GSH:GSSG ratio). This is surprising, since different authors suggested that a decrease in GSH can be responsible for pathogen-elicited symptom development and/or oxidative stress in susceptible plants (Amari et al. 2007 , Zechmann et al. 2007 , Díaz-Vivancos et al. 2008 . However, other studies suggested that an increase in GSH and the redox state of GSH can be responsible for symptoms developing during compatible pathogen infections (Zechmann et al. 2007 , Hernández et al. 2016 . Apparently, during the current compatible pine-mistletoe interaction, the changes of bark GSH, redox state and GR activity of host tissues induced by mistletoe infestation are a response of the anti-oxidative system, reminiscent to biotic stress (Kopriva and Rennenberg 2004, Rennenberg et al. 2006 ). This response, however, cannot be attributed to SAmediated control (Herrera-Vásquez et al. 2015) , since SA levels Figure 8 . Activity of GR and DHAR in bark and wood of stem sections basipetal and acropetal to mistletoes infestation compared with non-infested control trees. Columns show means (±SE). Different small letters indicate significant difference between basipetal and acropetal stem segment of mistletoe-infested trees and stem segments of non-infested control trees (P ≤ 0.05).
Tree Physiology Volume 37, 2017 did not increase, but rather declined in the host bark in response to mistletoe infestation. On the other hand, the enhanced H 2 O 2 levels in the wood of mistletoe-infested stem sections cannot be attributed to the redox state of Asc, but may be a consequence of the more oxidized (impaired) redox state of GSH.
In contrast to GSH and its metabolic precursors, DHA levels increased at the expense of reduced Asc levels in the host bark upon mistletoe infestation; this increase can partially be attributed to reduced DHAR activity. Thus, Asc metabolism in the host bark reacts as expected upon parasite and pathogen attack (de Gara et al. 2003) . The regulatory features that mediate ROS accumulation and, at the same time, an antagonistic response of GSH and Asc metabolisms during plant-pathogen (e.g., pinemistletoe) interaction are not understood and remain to be elucidated (Hernández et al. 2016) . Different cellular and subcellular compartmentation of the two anti-oxidants may have contributed to this effect.
Hormone profile of host in response to mistletoe infestation
To our knowledge, this is the first report on full phytohormone profiles from the bark and wood of a tree species. Within the CKs identified, the levels of biologically highly active (tZs, iPs) and less active (cZs, DZs) CKs were found to be generally enhanced in response to mistletoe infestation. Elevated levels of active CKs were particularly observed in bark (cZR, cZ, cZR, DZ, DZR) and wood (cZR, iP, iPR, DZ, DZR) basipetal to the mistletoe insertion, mostly at the expense of decreased levels of the respective less active storage forms (tZROG, cZOG) (Sakakibara 2006) . These changes in CK levels may be attributed to their function in signaling pathogen infestation, particularly in the interplay with cell wall composition (Nafisi et al. 2015) .
In addition, the altered CK composition of bark and wood may also constitute a response to mistletoe-induced changes in photosynthate partitioning (Wanner and Tinnin 1986) . Our Figure 9 . Reduced and total Asc contents in bark and wood of stem sections basipetal and acropetal to mistletoes infestation compared with noninfested control trees. Columns show means (±SE). Different small letters indicate significant difference between basipetal and acropetal stem segment of mistletoe-infested trees and stem segments of non-infested control trees (P ≤ 0.05).
Tree Physiology Online at http://www.treephys.oxfordjournals.org results are in line with elevated CK-like substance activity in tissues of ponderosa pine in response to pineland dwarf mistletoe infestation (Schaffer et al. 1983) , and therefore indicate an extensive alteration of the phytohormone profile of the host bark and wood in response to mistletoe growth and development. Apparently, this alteration is independent of whether host trees are affected by xylem-and phloem-tapping (dwarf mistletoe) or xylem-tapping (European mistletoe) parasites.
As ABA promotes stomatal closure and plays an important role in adaptive responses to abiotic or biotic stress (Cutler 2007) , the high levels of ABA in bark and wood upon mistletoe infestation observed in the present study are assumed to be part of the defense reactions of the pine host (Kopriva and Rennenberg Figure 10 . PLS-DA score plots comparing the principal components of the phytohormone profile identified in bark and wood. Plots show differences between stem sections basipetal (Cluster III with green-filled closed circles) and acropetal (Cluster II with red-filled closed circles) to mistletoe infestation and non-infested controls (Cluster I with blue-filled closed circles). Each circle represents a pooled individual host tree and the selected display area is the 95% confidence interval region. Data represent means (±SE). Small letters indicate significant differences between mistletoe-infested stem sections and non-infested controls at P ≤ 0.05.
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2004). Also IAA, SA and JA constitute phytohormones involved in plant defense against pathogens (Kazan and Manners 2009) . Therefore, the declined levels of IAA and SA in bark acropetal to mistletoe infestation may be connected to growth and development of infested branches. Increased levels of JA may be associated with the GSH-mediated defense reaction of plants against biotic stress (Kopriva and Rennenberg 2004) and are consistent with the observed elevated GSH levels in the bark upon mistletoe infestation. Together, the observed changes in these phytohormones reflect the complexity of antagonistic and synergistic interactions between IAA and SA/ JA signaling pathways under biotic stress (Kazan and Manners 2009) . Such complexity and crosstalk between IAA and other hormonal signaling pathways, such as SA, JA, ABA and CKs, upon mistletoe infestation need to be elucidated in future studies in detail (Thaler et al. 2002 , Loake and Grant 2007 , Kazan and Manners 2009 . As was to be expected, phytohormone levels were generally much lower in the wood than in the bark, and in the wood were often below the limit of detection (see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). Still the phytohormone profiles of both bark and wood clearly show that the pine hosts experience mistletoe infestation similarly to drought stress. This is indicated by elevated levels of ABA and JA in both host tissues. Apparently, the phytohormone network of drought stress defense (Riemann et al. 2015 ) is activated upon mistletoe infestation, which is in agreement with hypothesis (iv), i.e., an alteration of the phytohormone profile in host branches upon mistletoe infestation (Figure 10 , Tables 1 and 2 ). Similar alterations in phytohormone levels (e.g., ABA) were reported in needles of the pine hosts upon infestation with the phloem-and xylem-tapping dwarf mistletoe (Logan et al. 2013) .
Conclusion
The present study provides a detailed view of the consequences of mistletoe infestation for the metabolite composition in bark and wood of its host, in particular the carbohydrate composition, phytohormone profile, ROS and anti-oxidants levels. Bark and wood of Scots pines were significantly impaired by tissue dehydration and reduced total C content upon mistletoe infestation. Furthermore, sugars and lignin contents in the bark increased at the expense of decreased holo-cellulose. Hydrogen peroxide accumulation was accompanied by increased GSH and decreased reduced Asc levels. Altered phytohormone profiles were found in both bark and wood of the pine host (e.g., CKs, JA and ABA levels increased in both organs, whereas SA and IAA levels decreased in the bark) and could be associated with physiological processes in mistletoeinfested stems, such as changes in water relations and remodeling of carbohydrate composition. In future studies, an effort should be taken to unravel the complex crosstalk between the different hormonal and metabolic pathways associated with mistletoe infestation. The possibility to feed metabolites and phytohormones into the xylem sap of mistletoe-infested stem sections and to maintain a controlled flux through these sections (Escher et al. 2004c ) may become an important tool for such studies. Data represent means (±SE). Small letters indicate significant differences between mistletoe-infested stem sections and non-infested controls at P ≤ 0.05. n.d., not detected;
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Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
